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W
ater plays a central role in a wide range of biomolecular processes, from protein folding, stability, and denaturation (1-3) to physiological regulation and allosteric effects (4, 5) . Water is involved in these processes in a variety of ways, ranging from direct bridging to collective effects (such as hydrophoic effects) (1) (2) (3) (4) (5) . The enumeration of water molecules is crucial in order to understand how biomolecular processes work.
Osmotic stress analysis (OSA) aims to estimate the number of water molecules adsorbed (or released) as a result of biomolecular processes (4) (5) (6) (7) (8) (9) (10) . To do so, osmolytes (such as glycerol and polyethylene glycol, known as protein stabilisers) are added to the system (4-6). Because protein-stabilizing osmolytes, preferentially excluded from protein surfaces (11) (12) (13) (14) (15) , are not accessible to cavities, grooves, channels, or pockets formed by biomolecules, these regions are subject to osmotic stress (4) (5) (6) . Osmotic stress and the accompanied change of water activity modulate the equilibrium of the process, and the number of waters adsorbed upon the reaction in the absence of osmolytes are enumerated by measuring the change of equilibrium constant with respect to osmotic pressure (4) (5) (6) . The underlying assumption is that osmolytes are ''inert'': they neither interact nor act directly on macromolecules because they are excluded (4) (5) (6) . OSA was first applied to haemoglobin: Ϸ65 water molecules were inferred to be adsorbed upon the transition from the T state to the R state. This estimation was suggested to be consistent with the change in buried surface area (4, 16) . Since then, OSA has been applied to various biomolecular processes, including ion channels, DNA-protein, and carbohydrate-protein interactions (5) (6) (7) (8) (9) (10) .
In spite of its popularity, the validity of OSA has been debated (6, (11) (12) (13) (14) (15) . Timasheff (11) pointed out that a cosolvent cannot be both excluded and inert at the same time, because exclusion requires a positive free energy change. He emphasised that this free energy upon exclusion, which is related to the experimentally measurable preferential hydration parameter, is the origin of the osmolyte-induced equilibrium shift (11) . It is totally unrelated to the osmotic stress, because osmotic pressure is a colligative property (11) . In reply to this criticism, Parsegian et al. (6) demonstrated the equivalence between the equations used in OSA and in the preferential hydration analysis. However, this demonstrated equivalence was later questioned (12) . It was also suggested that OSA is based on a misinterpretation of the equation of preferential hydration (12, 15) . In addition, the number of water molecules enumerated by OSA often depends on the choice of osmolytes (9, 10, 12, 13, 17) . This suggests that osmolytes do not always behave as assumed. Moreover, it was suggested that OSA may underestimate the number of water molecules released upon reaction, because OSA ignores the osmolytes present with hydrated water (13) . The accuracy, applicability, and validity of OSA have been thus questioned.
Volumetric analysis is another method that estimates the number of water molecules involved in reaction by measuring the changes in partial molar volumes of biomolecules (18, 19) . Partial molar volumes are obtained from the change of equilibrium when hydrostatic pressures is applied, in contrast to OSA's ''volume of water'' determined by the application of osmotic pressure (19) . Partial molar volumes can be measured from high pressure experiments (19, 20) , as well as densimetry (18) . The number of water molecules may be inferred by the use of a two-state model for water (21), or through the estimated water density increment in the vicinity of biomolecules (10, 19) .
The number of waters estimated from OSA and from volumetric analyses is often inconsistent (10, 18, 19, 22) . For example, a 4-fold difference was seen in the equilibrium dissociation of human IFN-␥ (10) and up to a 3-fold difference in the camphor binding of cytochrome P-450 (19) . These discrepancies were considered to reflect the different aspects of biomoleculer hydration that osmotic and hydrostatic pressures modulate (19, 20) . The lack of a rigorous theoretical framework is the major hindrance in clarifying the underlying relationship.
In this paper, I propose a method to enumerate the number of water molecules taken up by biomolecular processes. The foundation of this method is Kirkwood-Buff (KB) theory (23, 24) . Using KB theory offers the unique advantage of determining microscopic characteristics of the solution from measurable thermodynamic quantities. In addition, KB theory connects the preferential hydration parameter and the partial molar volume to spatial integrals that involve the distribution of solvent molecules around the solute. This advantage has been appreciated mainly in the study of small molecules, where solvation (24) (25) (26) and volumetric properties (27) (28) (29) in multiplecomponent solutions were explained microscopically. Because KB theory is applicable to molecules of any size or shape (24) , it can be applied to any protein and to any osmolyte. I, therefore, combine this theory with the structural information of biomol-ecules to clarify the foundation, validity, and applicability of OSA. An application of KB theory to determine the water numbers associated with (i) the allosteric transition of haemoglobin and (ii) the binding of camphor to cytochrome P450 indicates that OSA may overestimate the number of water molecules taken up during these processes.
Preferential Hydration Parameter and Partial Molar Volume of Biomolecules
Consider a system that consists of water (i ϭ 1), biomolecule (i ϭ 2), and osmolyte (i ϭ 3) molecules. The preferential hydration parameter, 21 , is expressed by (11, 12) 
where n i and i represent the density (molarity) and chemical potential of species i. 21 can be measured from dialysis equilibrium (11, 12) and sedimentation equilibrium (30) . When 2 undergoes a reaction such as a conformational change, binding, etc., the change of 21 , ⌬ 21 , ‡ is directly related to the effect of water activity a 1 , or the osmotic pressure ⌸,o n the equilibrium constant, K, of the reaction (11, 12) 
where V i is partial molar volume of species i. OSA proposes that the number of water molecules adsorbed or released upon the conformational change is equal to ⌬ 21 0 § (5, 6) . Is this valid? What is its accuracy and applicability? To answer these questions, KB theory is employed to seek the relationship between 21 and the structure of the solution. 21 at infinite dilution of biomolecules is given by KB theory as (24, 25) 
where N 2i is the excess number of component i around the biomolecule, defined by (23, 24 )
where g 2i (r ជ) is the correlation function between the components 2 and i when they are separated by r ជ, G 2i is often referred to as the KB parameter, and N A is Avogadros number. Eq. 3 is a rigorous result applicable to molecules of any size or shape (23, 24) .
N 2i signifies the change in number of component i when a biomolecule is introduced into the system. Two factors contribute to this change. The first is the inaccessibility of solvent molecules to biomolecules to intrinsic (core) volume V I and thermal volume (volume inaccessible due to thermal motion) V T (18) . This contribution is Ϫn i V E ϭϪ n i (V I ϩ V T ), where V E is called excluded volume hereafter. The second is the change of solvent-solvent interactions when a biomolecule is introduced into the system. This contribution is often called solventreorganization (21, 28). Because OSA aims to measure the change in the number of water in the hydration shell (5, 6, 11) , the first contribution that is irrelevant should be subtracted out. This gives the following expression for the excess solvation numbers in the shell :
Eqs. 3 and 5 lead to
What is the relationship between Eq. 6 and previous theories? Equations identical in form to Eqs. 3 and 6 have been derived previously by Tanford (31), Timasheff (11, 12) , Eisenberg (30), Schellman (32) , and Record and coworkers (13) . In these theories, parameters that correspond to ⌬NЈ 21 and ⌬NЈ 23 express the changes in effective occupancy of the binding sites (which were assumed to exist on protein surfaces) by water and osmolyte molecules (11, 12, 32) . In contrast, KB (24, 25) has clarified the physical meaning of these parameters through Eq. 4.
Eq. 6 is the foundation of OSA (6) . (5, 6) . Timasheff (11, 12) emphasised that N S and N W are purely phenomenological parameters representing ''site occupancy'' (11, 12) , which have ''no real physical meaning'' (12) . In order to reconfirm that their N S and N W are indeed excess numbers (6) , I show that the Gibbs-Duhem equation of Parsegian et al., if slightly corrected, can be derived from a thermodynamic rederivation of KB theory proposed by Hall (33) . This rederivation involves reasonable thermodynamic assumptions as outlined below. Consider two parts of a biomolecular solution at infinite dilution: the first part contains a biomolecule, the other part is infinitely far from the biomolecule. The Gibbs-Duhem equations for each part under a constant temperature are
where * represents the average densities around the biomolecules. The densities can be related as (33)
Under the condition of constant pressure (dP ϭ 0), Eqs. 5 and 7-9 can be combined with van't Hoff's law (⌸ϭRTn 2 ), † † which leads to
[10]
The only difference between Eq. 10 and the equation from Parsegian et al. is their omission of the RT ln n 2 term. Because Eq. 10 can easily be obtained from Eq. than of the chemical potential (d 2 ). However, this correction does not affect Eq. 6 or Eq. 3: the terms originated from RT ln n 2 in these equations are exactly zero, because (Ѩ ln n 2 ͞Ѩ 1 ) T,P,n 2 ϭ 0.
In addition to preferential hydration parameter, partial molar volume of biomolecules, V 2 , has given many insights into the hydration of biomolecules (18, 19) . V 2 is related to how the hydrostatic pressure modulates the equilibrium:
[11]
KB theory gives the following expression for V 2 (24) ‡ ‡ :
where the last term (which contains T , isothermal compressibility) is negligible for biological macromolecules § § (18) . The change of V 2 is expressed by using Eq. 5 as
Eqs. 6 and 13 constitute two independent relationships between ⌬NЈ 21 and ⌬NЈ 23 . Previously, Timasheff emphasised that ⌬NЈ 21 and ⌬NЈ 23 were indeterminates, because they were coupled to conform to Eq. 6 (11) and Eq. 6 was the only relationship known that connects ⌬NЈ 21 and ⌬NЈ 23 . In contrast, now I have an additional relationship between ⌬NЈ 21 and ⌬NЈ 23 (Eq. 13) through another measurable quantity ⌬V 2 . Therefore, ⌬NЈ 21 and ⌬NЈ 23 are no longer indeterminates. They can now be determined. They have clear physical meaning as excess solvation numbers defined through Eqs. 4 and 5.
The Relationship Between Volumetric and Osmotic Stress Analyses
Here, I focus on the limit of zero osmolyte concentration, because the aim of OSA is to measure ⌬NЈ 21 0 (4, 5). At this limit, Eq. 13 reduces to
which is equivalent to two-component KB theory (24, 28, 29) . Here, the calculation of ⌬NЈ 21 0 requires only the volumetric data because the osmotic data is irrelevant. Note that bulk density n 1 0 is used here, in contrast to the use of water density increments assumed around biomolecules (10, 19) or the two-state model of water (21). This difference arises from having a different goal: previous investigators intended to calculate the coordination number of water (through various models and assumptions), whereas I aim to calculate excess hydration number (in which case, the only assumption is in the calculation of ⌬V E ).
OSA aims to measure the same ⌬N 21 Ј0 , as above, by assuming in Eq. 6 ⌬NЈ for strongly excluded osmolytes (11, 12) . Eq. 15 is merely an assumption, in contrast to Eq. 14, which is rigorous other than the calculation of V E via volumetric analysis (18) . What does this assumption imply? Because the assumption immediately leads to ((n 1 ͞n 3 )⌬NЈ 23 )Ј 0 ϭ 0 in Eq. 6, the following condition is derived:
Molecular crowding studies have shown that second cross virial coefficient B 23 ϭϪG 23 0 (24) signifies the volume inaccessible to the osmolytes (15), which is larger than the volume inaccessible to water V E 0 . Eq. 16 implies that OSA is valid only when the changes of these two volumes are equal.
Another implication is derived by combining Eqs. 14 and 15, which leads to
and should hold when OSA is accurate. ¶ ¶ This poses a restriction on ⌬ 21 0 , which suggests that OSA is indeed a restricted case of preferential hydration (11) .
Osmotic Stress Analysis May Overestimate the Number of Water Molecules Taken Up by Biomolecules
As was shown by a rigorous analysis based on KB theory, the estimation of the number of water molecules requires the information on the change of biomolecular structure (see Eq. 14). OSA, on the other hand, does not require any structural information. However, as was shown in the previous section, OSA contains a restriction on ⌬ 21 (Eqs. 16 or 17) as a direct consequence of its basic assumption (Eq. 15): OSA contains an implicit relationship between the change of biomolecular structure (⌬V E ) and thermodynamic quantities (⌬ 21 and ⌬V 2 ). Now, I apply KB theory to biochemical processes and investigate whether the assumption of OSA (Eq. 15) is accurate. I reexamine the number of water molecules involved in oxygen uptake by hemoglobin and in the binding of camphor to cytochrome P450. These cases were selected because osmotic and high pressure data are available for both processes. ‡ ‡ See equation 6.7.22 of ref. 24 . Subscripts A, B, S in ref. 24 should respectively be transformed to 3, 1, and 2 in order to obtain Eq. 12. in ref. 24 is equivalent to n in this paper. § § Eq. 12 can also be derived by combining Eqs. 7 and 8, and differentiating with respect to P. ¶ ¶ OSA therefore assumes that ⌬VE should be equal to the sum of the changes of osmotic volume (V 1 0 ⌬ 21 0 ) (19) and hydrostatic (partial molar) volume (⌬V 2 0 ). (34) , using the van der Waals parameters of Chalikian et al. (35) . The units are Å 3 for VI and Å 2 for SASA. Tables 1 and 2 summarise my calculations based on Eq. 14. The calculation of ⌬V E requires ⌬V I and ⌬SASA (i.e., the change of solvent-accessible surface area) calculated from structural data (see Table 2 ). They are summarised in Table 1 . For hemoglobin, the conformations for deoxygenated and oxygenated structures are still under debate (37, 38) . Therefore, I have followed LiCata and Allewell (17) and calculated ⌬V E s under all possible conformational changes between the deoxygenated and oxygenated structures determined thus far (see Table 1 ). The calculated number of adsorbed water molecules upon haemoglobin's oxygen uptake varies from Ϫ65 to ϩ20 (Table 2) smaller than ϩ65 Ϯ 4 (4) inferred from OSA. It is emphasised that the multiple results of ⌬NЈ 21 obtained from my theory is due to the uncertainty regarding the structures of deoxygenated and oxygenated states (37, 38) . The expulsion of camphor from cytochrome P450cam, according to Eq. 14 and structural information (Table 1) , is accompanied by the absorption of 7.6 Ϯ 1.8 water molecules, smaller than the OSA's estimation of 19 (22) . My estimation is much closer than OSA'sto the inferrence from the cavity structure, about 6 (19) .
In both cases, OSA overestimated the number of water molecules taken up during the reaction. From a traditional solvent binding perspective, one may expect that OSA-based estimation would provide a lower bound of the number of waters, considering the estimated release of 1 osmolyte molecule [from ⌬ 23 ϵ (Ѩn 3 ͞Ѩn 2 ) T,P, 3 ] upon the oxygen uptake of hemoglobin (4). However, this expectation involves several assumptions that require careful examination. The first assumption is ⌬NЈ 23 ϭ ⌬ 23 , whose consequence is similar to that of the assumption (Eq. 15) for ⌬ 21 (which leads to the restriction on ⌬ 23 ). The second assumption is that NЈ 23 is the number of osmolytes bound to protein surfaces. It will be shown below that NЈ 23 may be negative for strongly excluded osmolytes. Therefore, the effect of ⌬NЈ 23 on ⌬ 21 requires a careful treatment.
Molecular crowding may be used to explain the reason why OSA may overestimate the number of water molecules adsorbed during biochemical processes (15) . For cytochrome P450, Eq. 6 gives ((n 1 ͞n 3 )⌬NЈ 23 ) 0 ϭ n 1 0 (⌬G 23 0 ϩ⌬ V E 0 ) ϭϪ 11.4 (from ⌬ 21 ϭ 19 and ⌬NЈ 21 ϭ 7.6 of Table 2), which is indeed far from the OSA assumption, ((n 1 ͞n 3 )⌬NЈ 23 ) 0 ϭ 0. Why is the increase of hydration upon camphor release accompanied by a decrease in osmolyte solvation? As in the previous section, ϪG 23 0 for osmolytes can be approximated by the effective volume (V exc osm ) around the protein from which osmolytes are excluded. When protein hydration increases upon reaction (⌬NЈ 21 is positive), the osmolytes are more excluded from the proteins. Therefore, V E 0 Ϫ V exc osm becomes more negative upon reaction, and thus ⌬V E 0 Ϫ⌬V exc osm Ͻ 0. Although this increase of exclusion may be expressed phenomenologically by the localbulk partition coefficient (13) , the above argument is more realistic because it is based on the direct consideration of solution structure, which does not require postulates used in the local-bulk partition model such as local and bulk domains, partition coefficients, and SASA (13) .
Combination of preferential hydration, volumetric, and structural data gives a further support to the above argument. Let us consider ribonuclease A in an aqueous trehalose solution for an example. Trehalose is an osmolyte whose degree of ''exclusion'' from protein surfaces lies between glycerol and betaine (13 23 are the excess numbers defined through Eqs. 4 and 5). Because proteins take more compact structures in osmolyte solutions (40) , the estimated (n 1 ͞n 3 )NЈ 23 constitutes an upper bound. Therefore, this example demonstrates that (n 1 ͞n 3 )NЈ 23 may indeed be large and negative, consistent with the discussion based on molecular crowding (15) presented above. A similar trend is seen for proteins in other osmolytes.
The above discussions shed light on a stumblingblock of the simple solvent binding perspective: even when the osmolytes are ''strongly excluded'' from a protein surface, ((n 1 ͞n 3 )⌬NЈ 23 ) 0 may take a large negative value. Therefore, exclusion of osmolytes may be reflected in a large negative excess solvation number indicating that the exclusion is not merely a lack of binding as has been assumed in OSA.
Conclusion
I have demonstrated in this paper that KB theory gives a clear, unified perspective on osmotic and volumetric experiments. These experiments provide complementary information on excess solvation numbers of osmolytes and water. In the absence of osmolytes, volumetric data alone (with structural data) can determine excess hydration number in the shell. The condition of OSA's applicability was derived. A relationship between preferential hydration parameter, partial molar volume, and excluded volume was clarified. Moreover, the analysis of this paper gave clear support to the suggestion that OSA is a restricted case of preferential hydration (11, 12) . I have shown that OSA may overestimate the number of water molecules taken up, because the effect due to strong exclusion of osmolytes from protein surfaces is not negligible. In conclusion, I have proposed a clear, general method to calculate the number of water molecules taken up during a biochemical reaction from the structural and partial molar volume changes. This paves the way toward the clarification of the long-standing debate about the role of water on a wide variety of molecular recognitions and allosteric regulations.
Note Added in Proof. A recent volumetric study on the dissociation of glucose-hexokinase complex (41) gives further support to the conclusion of this article that OSA may, through a large negative (n1͞n3) ⌬N 23 Ј0 , overestimate the number of waters adsorbed. In this example, ⌬ 21 0 ϭ 326 via OSA (42) , whereas ⌬N 21 0 (calculated via Eq. 14)i s3 3 . 
